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Measurements of the Damping in R o l l  or' Urge4cale 

By Lynn W. Hunton and Joseph K. D m  

Wind-tunnel teats  of five  large-ecale  tapered winge which 
had anaes of aweep OS: o', *30°, '45' have been  conducted to 
detemine the effects  of both scale and sweep on the dampin&"- 
r o l l  parameter Czp. Rol l i rg  moment and pressure distribution 
were masurd for each plain wing while i n  steady roll f o r  an 
8,ngle-of-at';ack rap39 of -lo %o 2 9 .  The effects  of both Reynolds 
number and deflection of mtial-spm s p l f t  f l a p a  w m e  determined 
from less ccmprehensivotes'ta. ' S e v e a  methods of predicting both 
the damping-ik-roll and autorotational  characterfstics of the mmpt 
v i x s  haTe been analyzed, and prsSc ted  results have been conpzed 
with the  experimental data. 

The variation oi' w f t h  sweep a t  zero l i f t  i s  shawn .Lo 
czP 

" 

follow quite accurately the c a c e p t s  of sbzple sweep' theory, 
provided t h a t  corrections for &speck r a t i o  based on *&e span 
perpendiculaz t o  t he  pletne of spmetry are considered. It was 
f o m d  that +he value of Cz for a mept w i n g  a+, zero lift can 
be predicted  within 6 percent by ayyL,vine; a correction for sweep 
t o  the danying derivative  estimated from curvee dertved from 
.lif ting-surface theory for an unswept xing w i t h  the same aspect 
ra t io ,  +&per ratio, and sec t ion   chmcte r i s t i c s  as those of the 
mept w i r g .  

P 

The wing i n  roll increased moderately w i t h  L i f t  coefficient 
belm- the s t a l l  f o r  all wings except t h e  highly m e p + - f o m  wing, 
where a 10b-psrcent' increase was obaeryed. Treasure-diEttribution 
data accounted f o r  t h i s  yhenmenon by ind ica t iw  an increase of 
almost 100 percent in  the section  1FPt"ve  elope a t  outboazd 
Portio- of the wing. 

. 



Knowledge of values of the damping-in-roll parameter C2 i s 
of great importance m c l s  calculations involving r o ~ ~ n g  
motion of &n airplane. Little experimental dais. on Cxp ere 
available at t he  present time for e i ther  conventfonal o r  swept 
w i n g s .  As a result, estimted dRmping-ir+roU chEbl.acteristice 
have to be r e u e d  upon f o r  aynamic a t a b i l l t y  calculatiom. The 
effects of variations in plan fmm h5volving aapect ratio snd taper 
r a t i o  on C2 for straight winge have in the pzst been analyzed 
theoretically by many authors. Usually .they employed the early - .  

concepte of Glauert, who first used a Fourier ssriee to expreee 
cfrcuhtion (reference l), and M i , ,  who derlmd t h e  Indiction - 
factor f o r  ro l l i ng  mament (referoncc 2). Ehmentary aerodynamls 
coneideratfons indicate that C would be greatly affectad by 
&weep.. The first-order effecta of. sweep on CzP. .bve been 
pradic tea by theory  &d have been obtained oxprimentally by brief 
inveetigationa mdG ‘at very low Rsynolds number. 

P 

1.P 

In view of the limfted amount of experimental and. theorotical 
analysis at hand f o r  h i m y  swept wings, an investigation of large- 
male swept”fmard a d  awephback wings m e  undertaken In the 
Ames 40- by 8 ~ ~ f ’ o o t  wind tunnpl. Included . i n  this awopt-wing 
program were: (a) an evaluation and analysis of the s-t&ic 
stability and control characteristics (reference 3) ; (b) a canparison 
of the span loading f o r  swept winga as calculated by thrae 
theoretical methods with the experimentally measured span. load 
distribution (reference 4): and (c) an investigation of the 
damping-in-roll characteristics reported hereln. 

The present investigation  covered meamements of rolling 
moment together with pressure distribution for ths swept Mnga in 
steady  roll. The accuracy of various. thaorios are evelmtod by 
camparing the  measured value of Clp f o r  each swept uFn@; u S . ‘ L h  

thoae computed by a method of Weisshg6r (reference 4) and by 
simple formulas which correct the  CzP value of the unmept wing 

. 
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The Spb016 used in this report a r e  defined' as' follows : 
I 

l i f t  coefficient - e") 
sid-force coefficient 

\ q s  

rate of change of lift coefficient w i t h  mzle of' attack, 
per radian 

rate of change of rolling-moment coefffcient with angles 
of sideslip, per degree 

rate of change of side-force coefffcient with angle of 
sideslip,  per degree 

damping-Ir+roll perameter;  rate of change of' rolling- 
moment coefficient w t t h  wing-tip helix angle 

Pb/W wing-tip helix angle, ra&iane 

c2c 'm span-lw&ing parameter in r o l l  

geometric ar-gle of attack of root  chord relative to . L .% turnel center line, degrees 



4 

a 

P 

A 

a 

A' 

b 

C 

Ct 

Cr 
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V 

true angle of at tack of root  chord relative 'to air stream, 
degrees 

angle of Bidealip, degrees 

angle of sweep or" quartsr-chord line, degrees 
(Sweepback 18 positive and sweepforward ia negatim. ) 

aspect+rakio based on apan (%) 

( b 2  

aspect r a t i o  based on length of quarteltchord l i ne  

S cos2A/ 

w i n g  span measured perpendicular t o  the plan3 of 
symmetry, fee-: 

chord lerqth a t  any section of w i n g  measured parallel 
t o  air stream, f ee t  

wlng-tip chord, feet; 

wing-root chord,  Teet 

effective edge-velocity correction factor  for ro l l ing  
moment 

angular veloci ty   In  roll,  .radians per second 

wing area, square feet 

free-stream velocity,   feet  p r  second 

The f ive  large-scale tapered mmpt w i n g s  ueed i.n the inveatlga- 
tion were the same winge used for the s%t ic  test0 and m e  f u l l y .  
described in reference 3 * .  Composed prinarily 02 a 8e t 03 w k g  
panels from an e x i s t 3  airplane, %he wings were given tho desired 
plan' form and sweep (0 , 30°, and 45' swaepfomard, 30° m d  45' 

- 

c 
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sweepback) by tlze amtion individually  fabricated t i p s  and center 
sections. P"€orrn b w i n g t i  and &metric cbaracte:iatics of the 
five wings m e  shown in figuro 1. The a i r f o i l  sections for each of 
the swept  wings were dichtod by t h e  sections of the pan01 
(NACA 0015 at the  inbocsd end of the panel and ?UCA 23009 a t  the out.- 
board en&). The right wing panel, tips, and center  sections were . 
equipped with 180 pressure  orifices located at 9 spEurwiae  s*tions. 
For the fie-flected condition,  pECrthl-span  eplit flaps were I 

attached to the wings at a angle of 60° l. The f h p a  had a chord 
20 percent . o f  :$&e ving chord, wers tapered wS,th the w i n g  chord, a15 
extenbed over the inb- 6 2 . 3  percent .of the span for all m e .  
Th3 codition of the wing surfaces, which.had a n o m 1  amount of 
roughness caused by acces8  hatchas and'flush rivets, was equivalent 
to that of present-day  -production.nk--pUes. 

The rolliwwing support atand &am in  figure 2 wcs ossentidii 
an elevated steel  platform  on xht,;h kzzs rkmtoa EL 10OGhorsegower 
mriable+peed fnduction dr'tve motor, E. g m e d  reduction unit, m a  a 
l+inch4ameter steel  torque 'tuba mounted in two sel.f&niw 
be~.rings. The axis of r o b t i o n  wes at a l l  tFmss cohcfdmt with t he  
center  line  of t h e  tunnel. Each of the mept-wiag ceE%er  sections 
was slotted to fit over the end of *&e cantilevered torque tube, 
which  provided a means of attzchmoni; and ZdJustment qf ths angle of 
attack from -lo to 2 9 .  . 

Instrumentation f o r  the t e s t a  consisted of equipment for meesuring 
and recording continuously the roll-  torque, wbtg position in the test 
Bectlon, osld pressure distribution. A resls-c-type torsion strain 
g%e equipped with  none1 slip rings m d  carbon silver  brushes (sham 
in figura 2 (a) ) w w  used in conJunction with a rscording oscillograyh 
to meQsure the r o l l i n g  resititance of the vi-. A time iltlpdae at 
intervals- of 1 second and the position of. the wing at  hte-8 of 
one--quarter  crcle were recorded. on %he torque  record, thuo providing 
a check on the accuracy of an a i r c r a f t  t a c h w t e r  which ms used to 
estaElish  the  rolling velocity. Tor  the pressyre measurements, 
recording  manometers were ins'dled in the w i n g  cent=  section. Pawer 
for  operation and time irnpulse For synchronZzation with  the torque 
record were supplied through a second s e t  of Slip ring8 also shmm 
in figure 2 (a). &e two mnmters contained a t o t a l  of 9 pressure- 
recording  cells,  each 03 which %-a3 connecteh $0 a pir of pressure 
orifices  located  oppoeitely on the upper and lmor surface in order 
to record di rec t ly  the local differential pressure, 



TESTS AND REDUCTION OF DA!I?A 

For the determirx t lon of t h o  dmnpiw characteriatlcs of t h e  
w i n g s ,  the torque m i a t i o n  m a  recorded continuously  throughout a 
COInplete cycle in steady r o l l   f o r  each te8t conditioz. The k t c  
for a given  condition were then  reduced t o  the  deaired W p h g  
moment by integrating this torque m i c t i o n   f o r  one cycle to obtain 
M average rolling moment due to   ro l l .  . *  

As outlfned i n  table I, testa were made -at Q dy lhcepre - -  
0f~20 pouada per square foot  (R = 5.6 ?: 10' t o  8.95 x 10 f o r  t h o  
w i o u s  w i n g s  bnsed on t h e  M.A.C.)  for .eight different angles of 
a t tack varying fram -lo to 2g0 for each swept w i n g  without f h p s  
(hereafter refarred to 88 a plain w i n g ) .  Rolling-torque and 
pressur@i&zibution &ta mm obtained .nt ench a t t i t ude   fo r  
wing-tip hellx angles mq.lng frm 0 to.kO.11 Mdlm. In addition, 
dmuping-moment t e s t s  a t  the high-sped a t t i tude  of each w i x  were 
made at dynamic pree.sures of 60 and 120 pound3 per square foot 
(R = -9;3 x '  10' and 12.5 x lo', rsepectively, f o r  the unmopt wing) . 

The tests of the wings with  60° pzrtial-spn s p l i t  f k p s  
(hermfter referred to 08 flapped wings) were rmn at a dyrmnic , 

pressure of 20 pounds per square foot. Rolling+mnent chta wort3 
obtained at only t h e  higher angles 01' cttack (90 to 2 9 )  Zor . 
gb/zV values ranging from 0 t o  0.11 rndiLm. 

Sn order to  present  consistent rolling-mament data, the 
moments have been"cmputed about m axis lomted aimikrly in each 
mept  wing. All the data have been corrected and presented with  
reference t o  rn axis of r o l l  pamllol to tho air s t rom and locuted 
such that the quarter M.A.C. point of each wing panel m a  in puro 
roll (1.~3.~ no sidesl ip velocity). .me neceaeity %or a correction 
a r i a e s  frm the fact that only at; an angle of a t tack  or  0' w",8 the 
chord y h n e  of a c h  wing coincident w i t h  %he r.ctual a x i e  off roU.  
Tho method of a%ttachment of the wing  t o   t he  torque tube  required 
tlmt the angle of attack be c-ed by pitching the w i n g  about a 
point which varied far the several wings fram 8 feet aft t o  4 feet 
ahead of the quarter M.A.C. point. It i s  apprcnt  that for these 
w i n g s  i n  steady roll at  any angle of a t tack  o t h r  than 0' a cer+Uain 

1 j mount of sideslip. vedoq$ty .wa-8--~.nt.~a_~t~~ed.-~~- the. qunrtsr M,A .C, 
I point. A correction, based on th$.rol l ing moment due t o  side- 
' ! a l i p  of each wing,  equal t o  the increnmt of cImping-in-roJl 

PaXLrfI~t0r E 2  . sham in t a b l e  11, has been added algsbr3,ic+ly B 
to aach measpred rolling-momont coefficient. The a l u o s  of 
dihedral effect  f o r  ecch w i n g  f o r  these sidosllp corrections 

. ." - ~ . .  . . L _I. 

C 2 p  I 

, .  . ... . .  



The p~oblem or twmel+rall corractioaa was Investigti,hd to 
determine the efirect of beep ir-terference on static charac- 
teristics of the swept wings. The arralysie  indimtad that the. 
average tunnel+mll correction wes nearxy +he same for mr of the 
wings considered. Egcce, approximta corrections bwed on the 
unswept plan f o m  at tho horizontal position in  the test aection . 
have been applied to the angle of atwck f o r  each swept wing. 

I 

c 



Teats of the torque tub0 in roli with the dng removed ehoweC 
no measurable f r ic t ion .  The two 8oU-al3.ning bearings wer8 sub jgct 
t o  only  5 percent of tbir rzted losd ccsrrpirq capacity wkcn under 
tho mcwcimum t e s t  load condition. 
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Effects of Sweep a t  Zero Lift 

Come;rison of experi_mont vi+& ?heor;v.- Results of this 
investig~tion,  ewmarized in figwe 7, clearly Indicate  the reduc- 
t ion irl . C l  a t  zero lift  coeTiicient cauaed by sweeping the w i n g  

panels of a given plan f o m  either' forward or backward. This decrease 
moults from t h e  reduction in Ifft-curve elope -sttendant wfth meep. 
Glauert first showed in reference 7 tbat the h p f n g  of e w f n g  in 
roll is e function of (& + @. For "&e normal range of angle 

of attack the wing drag coefficient ie negligible &B conpwed with 
the lift-curve slope C&, therebg lesving the &mpLx dependent 
principally on G. From simple m6ep theory and exporimnt it 
has be.en sham that C k  f o r  m a ~ t  wines veriee appaximtelg as 
cos il for constant aapect.ratio. Thua, the damping in roll for 
swept wings  would then be expected to v w y  swlarly. Since in 
the present t es ts  some nr5at ioE in ~spact ratio resulted from 
swesplng the fixe& wlng panela, a .correction f o r  aspect ratio 

. variation wee applied. W e  was &~oz:e in oyder to s$ow % cmpr i son  
heheen the exeptxring t e a t  data m d  the &ping chesacterfatica 
of the swept wings as projected by simple meep theory from the 
measured valuo of C for the  unewept  wing. These corrections 

f o r  sweep a d  aspect r a t i o  w e m  applied in the following mmmr: 

P 

2P 

where the subscript A refers t o  th4 me& wings &d the subscript 
A- 0 refers t o  the wing tested with zero sweep. !I718 ter!i 

A is a rolling-noment inductim factor  (reference 2) derived 

Two further c o m p h o n s , b o t h  of which involve a variation of 
the aspec-Lratio correction, are a h m a  in gi@;ure 7 in the form of 
additional projectione of the dnmpiw at ewBep based OE the unswept- 
wing &+a, For the first  cczpzrison a Ilibdir'fed rdllfiag-moment 
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. perceptible difference in the final answer. Since, as noted 
previously, the appllcatian or' mesp theory enabled prediction of 
the  effects of weep within 4 percent, ft followe that the damping 
i n  roll f o r  a swept ~ 3 %  c m  be predicted within 5 percent by . 
applying sweep cheory to a liftfng"surfac-thoory  estimate of 
far the unswept w l n g .  , % 

In the second case, nhe33 the b p i r g ;  of a swept w i n g  m a  
computed direct ly  by uee of Weissfnger 'e inethod, the results 
dieagreed with eqeriment t o  such an extent th,t the method appears 
unreliable. The deviation of the cnlnputed Cz from the measured 
.value varied frm 11 percent high for -&e 450 awephback w i n g  t o  
7 percent low for the UO swept a n a ,  while a e  computed. results ?or 
the other ,three wings ,ehowed good agreement w i t h  the experimental 
data. Eere again considemtion of 15. apazlwiae shtLons  . in the.  
computations as compared with 7 atations ahared no significant 
difference  in the reaulta for .my of t he  w i n g s .  

? 

From an over411 analysis of the resu l t s  shown in   f igure 7, 
it mag be concluded that the optimum method., from t.he standpoint of 
bo th  r e l i a b i l i t y  and leaa t  amount  of  compu-tion, of predicting the 
danping i n  ro l l  f o r  o. given swept-forwad or mep+Gbask wing fs as 
fo l l a r s :  (1) eat-te the czP for an umwept ,wing with the same 
aspect ra t io ,  taper   ra t ia ,  and section c-cteristics as t he  swept 
w i n g  using curve8 c m p u t e d  *an lifting-surface theory (reference 51, 
a d  (2) correct this d u e  of for the ef fec t  of the reduction 
in  l i f t - cu rve  s l o p  due t o  sweep. QP 

Remolds nzrmber effect.- The influence of a variation in . 

Reynolds .number oa f o r  each of the swept winge ai; zero l i f t  
is sham i n  figure E2' Sweep apparently has llttle i f  any ef fec t  on 
the variation i n  damping w i t h  Re,vnolda nmber, sinse t ~ ~ e  varfatfon 
wae unif o m  for  e l l  "&e winge except. th4 43O mept-forw6,rd'wlrg. 
~ e s t s  at  Rep-olds numbers rang~ng I'I*OEI ?,600,d00 t o  20,400,000 
(based on the M.A.C.) shared for Czy values of each wing an 
increaaa which varied from 8 percent- for the unawept w i n g  t o  
28 percent f o r  t,he 45O swept-forwczrd w i w .  AprroxLnately 5 percent 
of this increase is at t r ibutable  to Sirst-order cranpressibility 
,effects .  Such a large increment i n  Cxp dne t o  Reynolds number 
ELB was measured f& the highly m r e p - i ; f d  w i n g  carmot, be 
reedrly explained. & possibi l i ty  eidsta that, Fing t o  the ,rother 
1Wge damping--ir+roll torque (up t o  50,000- lb-ft), tiher6 WaB some 
tw i s t i~  OF the wing panele. Hawever, if aeflection  accounts for 
s ~ e  of' the increase, then the damying of tha 45' swept-back wing 
should have decreased, since the sa,me -panels were emplopd f n  both 



plan f o m .  

It ehould be noted that the oxperimen+&l results med f o r  'khe 
canparison in f i g m e  7 were measured at a constant t o s t  d w c  
pressure and therefore represent data obtained a t  various Rsynolda 
numbers based on the M.A.C. A t  the present tlme there   ia  doubt 
as t o  what dimension should be used in cdnputirg the Regncrlda number 
for mept w i n g s .  From the concepts of aimple mesp theory i t  appoara 
that a dimension perpendicular to the q w t e M h o r d  l ine should be 
used t o  define R,  in which cam L I e  t e a t  remitts of fi,-ur4 7 would  
represent data a t  an a p p o x i m t d y  conatant R. Efowver, even 3f  
values of C z p  a t  a constant Reynolds number based on the M.A.C. 
are used in the comparison of figure 7, the main conclusione still 
apply. Such a comparison at  a Reynolds number of 10,000,000 indicate8 
that predicted values of for t h e  swcpt.wlnge calculated by tho 
method previously recammended are  within 6 percent of the measured 
values of damping s h m  in f i g u m  9 .for ' t h i s  c m t m t  R .  

c2P 

Ef:Pects of Lirk 

P-lain wims.-- The variations of Czp wlth angle af attacb: and 
lift coefficient are sham in  figures 5 asla-6, respectivcly, for 
each of the five wings. The damping increased modemtely i n  tho 
usual lift range below tks stall  f o r  a31 the wings except the 45* 
axept-f'orwc?rd w i n g .  For th i s  win@: a lobpercent  incroas,e i n  
h p i k  was observed butween tho CL l.imits of 0 and 1-05. An 
accurate check of thoae  c!laract&istics m a  obtained 2ra a spmwlse 
integration of the ~aritisymmetric wing loadings a a  datermined from 
p r e e s u r M s t r i b u t i o n  msasurements. These data. for each wimg at  
three angles of atteck a r e  presented first in figura 10 iaa the 
sparfwiso w1ng"Loading increment generated in steady r o l l ,  and i n  
figure LL ae secttan ~ t f t - c o e f f i c i s n t ,   c m c C e r i a t i c s .  

Same incrsnee tn clamping (approximately 2 percent for tho 
unswept wing over tho linear portion of the lift curve) can bo 
at t r ibuted t o  the rotat ion of the resultant force vcctor a t  each 
section due t o  the change i n  angle a? attack along the K L ~ .  I n  
the case of the 45O mcpb-fomrd plan form the combined oPfoc t of 
the nonlinear lift-curve slope '(note i n  i'ig. 5 (a) ) sud the rgckiw 
of the rssultant f orco vector a c c m t s  far approxlinatoly 30 percent 
of t h s  increase in dancing. The rGmimlor  I s  at t r ibuted t o  the f ac t  
that ,  as may be noted in figure l l ( n ) ,  the wing-section lif t-curve 
8lOpea a r e  not r:onotant'wwitl~ m@o of attack, but  rise sharply 
(approxinaately UIO-=percent i n c r m w )  at t h e  outboard wing eoctions, 



probably owing prinaipally t o  the drainage of the boundary layer 
avay from the tiga tmrd the center secti-on, 

Flapped wfn$ty,- k 1 U . i t o h  amount of hplng-i>roU. data m e  
obtained for ea& wing with   par t idApan Bplit flaps bf lec ted  bo. 
The results given in figure 8 were determined pr incipal ly   to  define 
the region of autorotation m,d a r e  therefore inadequate t o  shm 
clear ly  the var ia t ion   in  h p i - n g  ovar tha  cmylete  range or' angle 
of attack. However, the results do i n d i c a k  that the value of C l p  
near maxiixm l i f t  with flaps daflected ie approximately the same . 
as the maxim- value of dampir?? Izzaswed for the plain wing. 

Autorotational  Chs,racteristics 

Tests at  angle3 of attack above the normal operating range ware 
included i n  the present hves t3ga t ior~  for the purpose of de"ermini= 
the tendencies ';arard autorotation and regions of autorotetion fo r  
each of the five w i n g s ,  both p L i n  and flapped. %e results, 8 h m  
i n  figures 3 and 4 for the p h i n  and flapoped wiris, respectively, 
havo been presented o-dy in the farm of the rolling4nament  coeffi- 
c ient  C2 as a function of the wing-tip helix angle pb/ZY. No 
attempt has been made t o  evalucte CzP i n  ths unstable region in ' 

?TI= of t5e fact that, when a w i n g  tzpproaches an unaltable condition, 
Ct cestses to be a l inear  function of pb/2V and the value of C 

then has little significar-ce. 
2P 

From the data. f t can be observed WC, for the w e p t  w d  swept- 
f o m d  w i n g s  autorota-Glon  occurred at a,n angle of attack beyond the 
stall ped!. This phenomenon is sxphinable  by Glauer%'S General 
5heory f o r  the zutorototion of a w i n g  (reference 7)' i n  which the 
regfon or' ro ta ry  in lek3i l i ty  ie deteminsd by the crf ter ion 



where the angle of q%:taak a, i s  in  mdiana. Thls theory is beeod 
on the s u p p o s i t i ~  that tho  aection  ch8,rsCkri6tiCS a r o  constant 
across the span, g i ~ c e  Q-J LE always poaltive, autorot5tion will 
occur when the newtive elope 02 C k  beyod  ths stal l ing m g l o  i s  

sufficiant3.y  great t o  outweigh the value or' @. Therefore, from 
9. t r u e  polar diagram f o r  the wigg tho probc.blo limit8 of angle of 
a t tack   for  autorotation can bo deteminc-d gmqhically. Any point 

l i ne  through the origin of t h o  coordinate axas would, from Glmert*e 
cr i ter ion,   indimte  a t t i tude of '&e w5-x Whm6 either autorotation 
se ts  i n  o r  s t a b i l i t y  r e u r m ,  

, on the polar curvo a t  which the elope i s  perpendicular t o  a rad ia l  

In  r'igure  12,trme polar diagram f o r  e m h  plain x- . 
(reference 3) are presented together w:',i;h the angle of attack Tor 
rotary inatabi1it;T as predicted and SB measured exporimentally. In 
this comparison it w l l l  be noted that the  theoretical  predictions , 

agresd well with .the test datu, a8 -Par &a- it went, Por tho unswepf; 
and swept-forward plan forms, while l i t t l e  conformity  resulted ! r i a  ' 

the awept-ksck p l m  f o r m .  1s understankble  became, os noted 
previoual,y, %he theory is bawd on the aaawqtion that +;he section 
ch&r&ct6ri~~ic.s are conetant along t.he  span; this o e s m ~ t i o n  is 
especially important for t h e  outboard sectione, which O X Q ~ ~  the 
greatest  in f luome on the dmrping chm-ecteriatics. Such a condftion 

.of  wlifarmity is not realized  acroas the spm for 4210 mept-loack 
,.. plan forms, Bince tha efficiency of 310 ou%w sect ions of the swept+- 
back wing i s  impaired by Atbe spmwise drainago of' the boundary Lyer  
toward the  tip3. I n  f i w e s  3(d) nnd 12 the d ~ . t ; n  show .that ths  
30° swept-back w i n g  autorotatad at cm angle of attack of 1g0, which 
ia below the s t d l  peak, Thi3 r e o d l t  is confirmcld by t h o  s p  
loading-increment variation determined Tram the masurod pravsure 
data which is shown in figure 10(b) f o r  'this at t i tude.  

From these resu l t s  it m y  be conc1udr;d that Ghuert  ' P  cut- 
i f rotat ion theory proVlde.3 a f a i r l y  r s l i a b l o  ind icn t im or' the aut+ 
t rotational  characterist ics for unswe?t and swepl-forward wing3 
/ of the type' investigated but is unreliable f o r  wf-3, such as those 
! w i t h  sweepbmk, vhlch pos~oss early tip-sfalli~ chcmcterietics.  



2. The value of C f o r  mept-forwsrd or swop-Gback wings 
?P 

at zero lilt can be predicted withf;? 6 percent by est5mcbt;d-q the 
CzP f o r  an equim1en-i; unmepi; Xing  by lif ting"surface theory d 
correct- t h i s  valize for the effects of  sweep by eimple sweep 
theory. 

3. Results of Weiasingerba theoretical  s p a n " l a d i n g  C ~ ~ J U ~ Q -  

tions f o r  the .Cz  of ezch wing were imonaistent w f t h  the P 
experimental data. 

4. For an incrmse in Reynold3 numbor of npproxbately 
1O,cx)O,OOO the . Cz at zero l i f t  increased grad- m d  uniformly P 
f o r  all sweep -lee except in the caBe o f  the 45O awept-forward. 
wing, where a relatively large incresse of 28 percent  occurred. 

5. Below the stall, i nc recnd  moderately wZth lift , QP 
. ooefficient f o r  erzch of the ufngs excopt in the case of 45O swept- 

forward w i n g  which exhibited c. lOh-;?ercelt increme. Pressure- 

t h i s  wing the section 1il"t"curve slope.&ost doubled thrm@out 
the lift mnge, and this  change accctmted f o r  c, major portion of 
the a b n o m l  variation in damping, 

- distribution neasurements shmed tbr; over ~ c n  outbmrd portfon of 

6. Deflection of pcrtfal"epm s p l i t  flap k d  no cr-pgrecizble 
effect on the value of C2 . for  the wings ne= qaxlr~m lift. 

P 

7. The mngnitu&e of the autorotational moment wzs reduced 
by sweep and augmented by tho deflection of p c t r t Z i z l + q n n  split 
flaps. 

8. Glauert 'a theory f o r  autorotation is fairly railable f o r  
predicting regiom of rotary instability f o r  unswept and swept- 

.- forward wings of the type investigzted but fs not apylicable to 



wings, such as those with weepback, which poeeesa early tip 
eta l l lng  c b a c t a r i a t i c s ,  
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Area Sweep = 202.3 -3.300 sq \r,l f t  /"ye Area Sweep = e 309.6 46O eq ft 

Aspect ratio a 4.69 \,,$ ,/' 
Taper ratio = .40 / %per ratio .42 

\ ABpqct ratio = 3.64 

Figure 1,- Geometric characteristics of the swept Wings. 



(a> Three-quarter rear vieu of 450 swept-foxward wing. 

Figure 2a t o  c.- Views of t h e  swept wings mounted on the rolling ring stand in t he  Ames 40- by 
80-foot wind tunnel. 



NACA RM No. A7Dll  Fig. 2b 

(. 

(b) Front view of 45O swept-back wing with split flaps d e f l e c t e d  6 3 O .  

F igme  2.- Continued, 



. 

( c )  Front view of 30° swept-tack win& 

Fiewe 2.- Concluded. 



NACA RM No. Am11 Fig. 3a,b 
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fa) 4 5 O  S WEPTTORWARD WIN6.  

FIGURE 3.- vARlATION O F  ROLLING-MOMENT COLrFFIClENT WITH WlN6-TlP H E U X  ANGLE. 
PUlN WINGS. 

" IO 7 0 8  To6 -04 -a 0 .02 .04 .06 .OS .io .iz 
w/NG - T/P H € i l X  ANGLE, 8,  RADiANS 

(bl ~ O ~ ~ W E P F F O R W A R D  WING. 

FIGURE 3. - CON TlNU€'D. 



Fig. 3c,d NACA RM No. A7Dll  

T 

(c) OOSWEPT WI#G. 

FIGURE 3. - CONTfNU€D. 

(dl 30° SWEP'FBACK WING. 

FIGURE 3.- CONTINUED. 



NACA RM No. A m 1 1  Figs. 3e,4a 

. 

la) 45 "AND 30 O SWEPTFORWARD WINGS 

FIGURE 4.- VARIATION OF ROLLING-MOMENT COEFFICIENT WITH WING-TIP HELM ANGLE. 
fLAPP€O WINGS. 



Fig. 4b,c NACA RM No. A 7 D l l  
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FIGURE 5. - VARIATION WITH ANGLE OF ATTACK OF 
DAMPING-IN-ROLL PARAMETER AND LIFT 
COEFFICIENT. PLAIN WINGS. 
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(e) 45 'SWEPTBACK WING. 

FIGURE 5. - CONCLUDED. 

FIGURE 6.- EFFECT O F  SWEEP ON THE VARIATION O F  
DAMPING-IN-ROLL PARAMETER WITH LIFT 
COEFFICI~ZNT. PLAIN WINGS. 



Figs. 7,8 NACA RM No. A7Dl l  

FIGURE 7.- COMPARSON BETWEEN THEORETEALLY AND EXPERIMENTALLY 
DETERMINED EFFECTS O F  SWEEP ON THE DAMPfNI-IN-ROLL R4RAMETER 

. 



NACA RM No. AT011 Figs. 9 ,loa 

FIGURE 9.- EFFECTS O F  SWEEP ON THE VARIATION OF DAMP/Nt-/N-ROLL 
PAFIAM€T€R WlTH REYNOLDS NVMBER FOR TH€ PLAIN WfNGS AT 
ZERO LiFT. 



Fig. 10b NACA RM No. A7Dll 
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(b) U: 3 0 f A N D 4 5 "  SW€PFBACK WINGS. 
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(6) 30' SWEPTFORWARD WING. 

FIGURE I 1.- CONTINUED. 
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FIGURE. f 1. - CONTINUED. 
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